Introduction
Digital holography (Yamaguchi & Zhang, 1997; Osten et al., 2002; Kreis, 2005; Ferraro et al., 2005; Frauel et al., 2006; Nomura & Imbe, 2010 ) is a useful technique for recording the fully complex field of a wavefront. In line with advances in imaging devices such as CCDs, digital holography is accessible. The digital holography has been used for lots of applications including encryption (Javidi & Nomura, 2000; Tajauerce & Javidi, 2000; Nomura et al., 2004) and three-dimensional object recognition (Poon & Kim, 1999; Tajauerce et al., 2001; Javidi & Kim, 2005) . However, the quality of a reconstructed image of a digital hologram is not good, because it is suffering from speckles. Comparing a conventional film hologram, the extent of a digital hologram is small and the resolution of the hologram is low in single figure. This is why the reconstructed image has noticeable speckles. To reduce the speckles, some signal processing approaches have been proposed Do et al., 2005; Maycock et al., 2005; Kreis & Schlüter, 2007) . By use of wavelet decomposition, three-dimensional image fusion has been proposed and some speckles reduction has been achieved. Independent component analysis has been also applied to reduce speckles. Aperture synthesis approach is also proposed to enhance the resolution. Somewhat speckle noises have been reduced by the approaches. In this paper, two methods to reduce speckle of the reconstructed image are presented. One is the method based on the superposition of the reconstructed images with different wavelengths. Another is the method based on the multiple holograms. In Section 2, the characteristics of speckles are reviewed briefly. In Section 3, the former method is described. Some experimental results are shown to confirm the proposed method. In Section 4, the latter method is described with some experimental results for confirmation.
Speckle size in digital holography
Let g(x 0 , y 0 ) denote a complex field of an object wave at the object plane (x 0 , y 0 ).Atadistance of d from an object, the complex field is given by (Nomura et al., 2008) 
where λ denotes a wavelength. The notation F denotes a Fourier transform operation. The digital hologram has a finite extent due to the extent of an imaging device. Let us assume that the extent is a × b. Therefore the digital hologram can be written as
The compelx field of the reconstructed object U(x, y) can be calculated by
where the notation * denotes a convolution operation. From Eq. (3), the reconstructed object is given by a convolution between the original complex field and a sinc function determined by the extent of the imaging device. If the speckle size is defined as a full width at half maximum of the main lobe of the sinc function, the size of the speckle ∆S x and ∆S y are approximately given by
respectively. These relations are also shown in the literature (Kreis, 2005) . The speckle spoils the quality of the reconstructed image. To improve the quality, two approaches are considered. One approach is to make the effect weaken. Another approach is to reduce the size of the speckle using large a × b based on a synthetic aperture. In the following Sections, both approaches are described.
Speckles reduction by multiple wavelengths

Speckle model and reconstructed image with multiple wavelengths
If digital holograms with different wavelengths are recorded, the shape and the position of speckles are different from each other, because the complex field of the diffracted wave depends on the wavelength based on Eq. (1). Here it is assumed that the shape and the position of the speckles are randomly changed in relation to a wavelength. Namely the intensity of the reconstructed object I ′ (x, y) is assumed to be given by
where I(x, y) and s i (x, y) denote the intensity of the reconstructed object without the speckle and the speckle recorded by the wavelengh λ i . By the summation of I ′ (x, y) over different wavelengths,
is obtained, where S is considered as a constant value given by
This equation is based on the above-mentioned assumption. If the constant value S is negligible smaller than NI ′ (x, y), the relation written by
is can be obtained. Namely, by superposing the multiple reconstructed image intensity with different wavelengths, the blight and dark spots, namely speckles, are smoothed so that the image quality is improved. However, a difficulty to superpose the reconstructed images is come up. The pixel size ∆x and ∆y of the reconstructed image are given by
respectively, where, N X and N Y denote the number of pixels of the digital holograms, respectively, and ∆X and ∆Y denote the pixels sizes of the imaging devices, respectively (Kreis, 2005; . The relations mean that the pixel size in the reconstructed image varies according to the wavelength. The pixel size in the reconstructed image should be equal to superpose. From here the case ∆x is explained for simplicity. To equalize ∆x,one of the parameters d, N x ,a n d∆X have to be changed. It is unrealistic to change distance d according to the change of the wavelength, because it is not easy to implement. One approach is to change N X for a different wavelength by padding zeroes . This is a simple and smart method, because it needs neither experimental manipulation nor signal processing. However the Fast Fourier Transform (FFT) algorithm that the sampling number is equal to the Nth power of two can not be adopted. Here, the method to change the pixel size (sampling interval) of the digital hologram by compensation is proposed. Let λ c and λ i (i = 1,...,N) denote a criterion wavelength and a wavelength used for recording. Using Eq. (6), the compensated sampling interval ∆x ′ can be written as
where ∆x denote the sampling interval before compensation. Base on the compensation, the pixel value (intensity) of the hologram should be changed. Linear interpolation between neighbor pixel values is adopted to determine the value of the compensated pixel. It is assumed here that the the change of the pixel value of the interferogram (digital hologram) is not sharp. Let I(n) and I ′ (m) denote the intensity of the digital hologram at the nth pixel and the intensity of the compensated digital hologram at the mth pixel, respectively. The schematic diagram of compensation of a digital hologram for a different wavelength is shown in Fig. 1 . The compensated pixel value denoted by I ′ (m + 1) is given by Using the compensated digital holograms, reconstructed objects U i (x, y)( i = 1,...,N) are obtained. Finally the synthesized reconstructed object |U s (x, y)| 2 is obtained by
3.2 Optical experiments To confirm the proposed method, the optical experimental results are shown. The experimental setup is shown in Fig. 2 . As a wavelength-tunable coherent light source, the dye (Rhodamine 6G) with the solid state diode-pumped, frequency-double Nd:Vanadate laser that provides 532 nm wavelength is used. For an object, a miniature pitcher with a height of ∼2cm shown in Fig. 3 is used. A CCD camera with 1024 × 768 pixels and 8 bits gray levels is used. The pixel size of the CCD is 4.65 µm × 4.65 µm. The distance from the object to the CCD is 520 mm. An off-axis digital holography configuration is adopted. Thirty-eight digital holograms are recorded with the wavelength from 567 to 606 nm at an interval of ∼1 nm. The superposed image of the thirty-eight reconstructed images by the proposed method is shown in Fig. 4(a) . The superposed image without sampling period compensation is shown in Fig. 4(b) . The conventional reconstructed image by a single hologram (wavelength: 567 nm) is shown in Fig. 4(c) . The brightness of the upper right corner in each image is due to the dc term of the off-axis digital holography. The reconstructed images with improved quality can be seen by the proposed method. Note that the image shown in Fig. 4(a) has the bright spot on the pitcher. In Fig. 4(b) , the spot is weakened by disagreement of the resolution in the reconstructed plane. In Fig. 4(c) , the spot is buried in speckles . To emphasize the difference, the magnified portions of the reconstructed images are shown in Fig. 5 . In Fig. 6 , the reconstructed images by the proposed method at various distances from the CCD are also given. In Fig. 7 , the images by the conventional method are also given. From the images, the proposed method keeps the characteristics of the digital holography that has the flexibility of reconstruction distance. In the approach, the reconstructed image loses its phase distribution because of intensity averaging. If the phase distribution is necessary in some cases such as instrumentation, this approach is not effective. In the cases the following synthetic aperture approach will wok. The method of speckle suppression should be chosen depending on the application.
Speckles reduction by multiple holograms
The quality of the reconstructed image is very poor, because it is suffering from the speckles due to the small extent of the hologram as mentioned in Section 2. To reduce the speckles, it is effective to use a hologram with a large extent (Binet et al., 2002) . For example, if we record M holograms to be synthesized into a large extent hologram for each hologram, a good quality image will be reconstructed. In this case, the camera, which is used for digital hologram recording, has to be moved in plane for M times to obtain one large hologram. This is not practical. Here, the method to superpose digital holograms recorded from various viewing-zone angles on cyclic position.
Recording and synthesis of digital holograms
Consider the superposition of the holograms recorded from various viewing-zone angles on concyclic positions. Digital holograms of the object, which is placed on the rotational stage, from different angles are recorded by an image sensor concyclic positions as shown in Fig. 8 . In the recording process, the concerned hologram H n and neighboring holograms H n−1 and H n+1 as shown in Fig. 9 are obtained. Figure 9 denotes two neighbors. If neighboring holograms are used to be synthesized, a large-extent digital hologram is obtained. However, Fig. 8 . Recording digital holograms by an image sensor on the concyclic positions.
simply synthesis between neighbor holograms is not available, because each hologram is in the different plane. To synthesize the holograms, holograms have to be brought on the same plane like H ′ n−1 and H ′ n+1 as shown in Fig. 9 . To obtain the hologram on the same plane where the concerned hologram lays, the following procedure is introduced. It is assumed that the neighbor hologram H n−1 (x ′ , y ′ ) can be written as
where U o (x ′ , y ′ ) and U r (x ′ , y ′ ) denotes the complex amplitude distributions of the object wave and the reference wave on the hologram plane (x ′ , y ′ ). If the plane wave which incidents into the hologram at an angle is used, the third term on the right side U o (x ′ , y ′ )U * r (x ′ , y ′ ) can be extracted using a spatial frequency filtering. After extracting the object wave information U o (x ′ , y ′ )U * r (x ′ , y ′ ), the object wave information on the plane (x, y) is obtained numerically. For numerical calculation, it is assumed that wave propagates straightforward and only phase is changed according to the propagation distance as shown in Fig. 10 . A hologram can be made using interference between the numerically obtained object wave on the plane (x, y) and the reference wave. After realignment of neighbor digital holograms, they can be synthesized by a correlational technique. 
Experimental results
Experimental results are shown to confirm the feasibility of the proposed method. An optical experimental setup is shown in Fig. 11 . A He-Ne laser with a wavelength of 632.8 nm is used as a coherent light source. A CCD camera is used to record the hologram. The number of pixels of the CCD camera is 1024 × 768, and its pixel size is 4.65µm ×4.65µm. The off-axis configuration with tilting the mirror is used for the spatially separation of the zero-order and the conjugate image. The distance from the object (a miniature pitcher as shown in Fig. 3 ) to the CCD camera is 400 mm. It is necessary to adjust the rotation angle to 0.4 deg or less to synthesize holograms, because two adjacent holograms are overlapped each other. In the experiments, the object was rotated from −180 deg to +180 deg at an interval of 0.2 deg and 1801 holograms were recorded. Then, some of recorded holograms were processed and superposed by the proposed method. To confirm the feasibility of superposition, the reconstruction images from a single hologram and a superposed hologram are compared. The reconstructed images are shown in Fig. 12 . The magnified part of the each reconstructed images are shown in Fig. 13 . The horizontal size of speckles in Fig. 13 (a) are smaller than that in Fig. 13(b) , because the size of speckles is in inverse proportion to the size of holograms. Furthermore, as neither blurred nor double images can be seen in Fig. 12(a) , it is shown that the synthesis is successful.
Conclusion
Two methods to reduce speckle of the reconstructed image have been presented. One is the method based on the superposition of the reconstructed images with different wavelengths. Another is the method based on the multiple holograms. After a brief review of the speckle size of the digital holography, the concepts of the two methods have been described. Some experimental results have been shown to confirm the proposed methods. Some experimental results are shown to confirm the proposed methods.
